The cosmic microwave background anisotropy is sensitive to the slope and amplitude of primordial energy density and gravitational wave fluctuations, the baryon density, the Hubble constant, the cosmological constant, the ionization history, etc. In this Letter, we examine the degree to which these factors can be separately resolved from combined small-and large-angular scale anisotropy observations. We isolate directions of degeneracy in this cosmic parameter space, but note that other cosmic observations can break the degeneracy.
Typeset using REVT E X The observation of large-angular scale (∼
10
• ) fluctuations in the Cosmic Microwave
Background(CMB) [1, 2] marks the beginning of a new age of precision measurement in cosmology [3] [4] [5] [6] [7] [8] [9] [10] . Dramatic improvements in large-and small-angular scale ( < ∼ 1 • ) experiments [3] [4] [5] [6] [7] [8] [9] [10] are anticipated. In this Letter, we explore the degree to which the CMB anisotropy observations can determine cosmological parameters such as the slope of the initial power spectrum, the age of the universe and the cosmological constant. We find that CMB anisotropy measurements alone cannot fix the parameters individually; however, a non-trivial combination of them can be determined. More concretely, for models based on the generation of gaussian, adiabatic fluctuations by inflation, we have identified a new variable n s , a function of the basic parameters that can be fixed to great precision by CMB anisotropy observations. Distinct models with nearly the same value of n s cannot be discriminated by CMB data alone.
In a likelihood analysis, this leads to error contours centered around a highly elongated maximum-likelihood surface inside which n s is approximately constant. However, when combined with other, independent cosmological observations, the determination of n s is a powerful tool for testing models and measuring fundamental parameters.
We parameterize the space by (C (S,T Given Ω B , we impose the nucleosynthesis estimate [11] , Ω B h 2 = 0.0125, to determine h, but also satisfy the globular cluster and other age bounds, [12] h < ∼ 0.65 for Ω Λ = 0 and h < ∼ 0.88 for Ω Λ < ∼ 0.6. (Gravitational lens statistics [13] suggest Ω Λ < ∼ 0.6. A straightforward match to galaxy clustering data gives
Inflation produces adiabatic scalar [15] and tensor [16] Gaussian fluctuations. (For simplicity, we do not consider isocurvature fluctuations [17] .) The COBE quadrupole
2 , but the tensor-to-scalar
is undetermined [18] . Inflation does not produce strict power-law spectra, in general, but n s and n t can be defined from power-law best-fits to the theoretical prediction over the scales probed by the CMB. For generic models of inflation, including new, chaotic, and extended models, inflation gives [18] [19] [20] n t ≈ n s − 1 and r ≡ C
Measuring r and n s to determine whether they respect Eq. (1) is a critical test for inflation. With this set of assumptions,
we have reduced the parameter-space to three-dimensions, (r|n s , h, Ω Λ ) (where Ω B = 0.0125h −2 and Ω CDM = 1−Ω B −Ω Λ ). We explicitly display both r and n s but with a "|" as a reminder that r is determined by Eq. (1) given n s ; we have also assumed n t = n s − 1.
Our results are based on numerical integration of the general relativistic Boltzmann, Einstein, and hydrodynamic equations for both scalar [21] and tensor metric fluctuations using methods reported elsewhere [20] . Included in the dynamical evolution are all the relevant components:
baryons, photons, dark matter, and massless neutrinos. The temperature anisotropy, and Gaussian-distributed, fully specified by angular power spectra, C
Our results are presented in a series of (2ℓ + 1)C ℓ W ℓ , where W ℓ is a filter function that quantifies experimental sensitivity. Increasing Ω Λ enhances small-angular scale anisotropy by reducing the red shift z eq at which radiation-matter equality occurs; increasing h increases z eq and so has the opposite effect. Increasing Ω Λ also changes slightly the spectral slope for ℓ < ∼ 10 due to Λ-suppression of the growth of scalar fluctuations [24] . The bar chart shows that either r|n s , Ω Λ , or h can be resolved if the other two parameters are known.
A degree of "cosmic confusion" arises, though, if r|n s , Ω Λ and h vary simultaneously. Figure 3 shows our baseline spectrum and spectra for models lying in a twodimensional surface of (r|n s , h, Ω Λ ) which produce nearly identical spectra. In one case, r|n s is fixed, and increasing Ω Λ is nearly compensated by increasing h. In the second case, h is fixed, but increasing Ω Λ is nearly compensated by decreasing n s (with r given by Eq. (1)). [25] Further cosmic confusion arises if we also consider ionization history. [26] We expand the parameter-space to include z R , the red shift at which we suppose sudden, total reionization of the intergalactic medium. 
where r and n s are related by Eq. Given present uncertainties in h, Ω Λ and z R , it will be possible to determine the true spectral index n s (or r) to within 10% accuracy using the CMB anisotropy alone. Quantitative improvement can be gained by invoking constraints from large-scale structure, e.g., galaxy velocity and cluster distributions, although the results are model-dependent.
Ultimately, tighter limits on Ω Λ , h, ionization history, and the dark matter density are needed before the CMB anisotropy can develop into a high precision test of inflation (Eq. (1)) and primordial gravitational waves.
